Parastrephia lepidophylla, family Asteraceae, has ancient use in traditional medicine in the region of Tarapacá, Chile. Bioguided fractionation of extracts of this plant was undertaken in the search for compounds with analgesic and antioxidant activity. Two benzofuran derivatives were isolated as the major components of this plant, identified as tremetone 1 and methoxytremetone 6. Remarkably, neither of these showed antioxidant activity, but tremetone 1 exhibited a morphine-like analgesic property. Reduction of this analgesic effect by naloxone suggests a direct effect on opiate receptors as a possible signaling pathway. However, both the low diffusion across lipid membranes (PAMPA assay) and the lipophilicity (Log P) shown by tremetone 1 make elusive the mechanism explaining its induced analgesia.
The altiplano region, located in the north of Chile facing the Andes mountains, has a cold, high altitude, and arid environment where about 500 plant species grow in spite of extreme desert conditions. Some of these species have been used as medicines [1] . As part of our research program focused on the evaluation of the popular use of medicinal plants of the Chilean altiplano, the biological activities of several plants has been investigated [2] [3] [4] [5] . We selected in this work the Asteraceae species Parastrephia lepidophylla (Wedd) Cab., because residents have used it in the past for treating some disorders and chronic diseases [6] , and also for ailments related to bacterial infections [7] . This plant, also called "supu tula," "k'jaña tola," "k'juni k'jara," or "suke-yola" by local inhabitants, grows between 3800 to 4000 m above sea level [8] .
It should be noted that several species of Asteraceae, such as Ageratina altissima, Eupatorium rugosum, and Isocoma pluriflora, contain a mixture of alcohols and ketones, referred to as tremetol that cause "trembles" and "milk sickness" in livestock and humans, respectively [9, 10] . Indeed, this toxin, detected in white snakeroot, was also present in rayless goldenrod found in the southwestern United States [11, 12] . However, tremetol was not a pure compound, since, as shown in Figure 1 , it is actually a complex mixture of sterols and derivatives of methyl ketone benzofuran that includes, but is not limited to, tremetone 1) hydroxytremetone 2, dehydrotremetone 3, dehydroxytremetone 4, and 3-oxyangeloyltremetone 5 [13, 14] . Since the three ketones 1, 2, and 3 isolated from the tremetol mixture were shown to be toxic in a goldfish bioassay, it appeared likely that these ketones are associated with "trembles" and "milk sickness" [14] . However, questions arose when tremetone 1 was synthesized and did not induce toxicity in either white leghorn cockerels or sheep [15] . Furthermore, it has been reported that metabolism of tremetone 1, upon microsomal activation, yields a product that was toxic to mammalian cells [16, 17] . Nevertheless, dehydrotremetone 3 was not toxic in such assays. Thus the relative toxicity of the benzofuran ketone compounds in animal studies still remains unknown.
In addition to previous utilization in chronic diseases [6] and ailments in bacterial infections [7] , the aim of this study was to investigate additional biological activities of organic extracts of P. lepidophylla. Since previous isolation studies of species of this genus have revealed the presence of chromenes and benzofurans [18] , a particular effort was made to characterize the chemical structures potentially involved in such biological activities. Here we report the isolation of two benzofurans: (-)-tremetone 1 and (-)-methoxytremetone 6, their hydrophobicity (Log P), and their ability to cross reconstituted membranes, the so-called Parallel Artificial Membrane Permeability Assay (PAMPA). The structures of benzofurans 1 and 6 were confirmed by mass spectrometry and from 1 H and 13 C NMR spectra [19] . The stereochemistry was confirmed unequivocally by 1D and 2D NMR studies, including heteronuclear multiple-bond correlation (HMBC) and ROESY experiments.
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Regarding the analgesic activity, Figure 2 shows that the most active plant extract against pain induced by heat is E5, with an increased reaction time in animals (around 15 seconds) compared with the control animals that received either morphine (7 to 8 seconds) or diclofenac (data not shown). The best analgesic effects were observed 15 min (4.a) or 30 min (4.b) after the animals received the plant extract injection (50 mg/kg). Other extract doses are not shown because they were not statistically different from the control animals receiving morphine. The analgesic effects of tremetones 1 and 6 were tested 15 min after the animals received their injection with or without a previous injection of naloxone at a dose of 1 mg/kg ( Figure 3 ). Two doses (5 and 20 mg/kg) were used to assess their potential analgesic effect. The latency period was enhanced by about 50% with 20 mg/kg of tremetone 1 (Figure 3a ), whereas at that dose methoxytremetone 6 induced an increase in latency of more than 20%, but that effect was not significantly different from the control values ( Figure 3b ).
Since the analgesic effect of tremetones was decreased in animals pre-treated with the morphine antagonist naloxone [20] , a potential role for these compounds on opiate receptors may be evoked. However, despite this tempting hypothesis, it should be noted that the PAMPA assay results indicated that tremetones diffuse rather poorly across a lipid membrane, at least by passive diffusion, as shown in Table 1 (with an assumed low brain penetration). On the other hand, the calculation of their lipid solubility (as expressed by Log P), showed that tremetone 1 was more hydrophobic than 6. Indeed, compound 1 has a LogP exp = 2.38 (Log P theor 2.05), and 6 of 1.93 (Log P theor 1.92). Therefore, it can be concluded that in the absence of a mechanical barrier, both compounds can accumulate in a lipid phase.
Although the molecular mechanism by which analgesia may be triggered still remains elusive, it may be inferred that there is an interaction of tremetone derivatives isolated from P. lepidophylla at the opiate receptor level. Moreover, plant extracts from P. lepidophylla also express antioxidant activity, as shown by the inhibitory effect on the IC 50 of hemolysis induced by the peroxy radical AAPH (Table 2 ). In this assay, AAPH has been shown to induce extensive oxidation of membrane components and to promote structural alterations leading to rupture of the erythrocyte membrane and to hemoglobin cell leakage [21] . Interestingly, while plant extracts have shown inhibitory effects, neither 1 nor 6 were able to inhibit hemolysis by AAPH (data not shown). This result indicates that although tremetones contribute to the analgesic activity of P. lepidophylla, other constituents may be responsible Analgesic activity of Parastrephia lepidophylla Natural Product Communications Vol. 7 (5) 2012 613
for the antioxidant effects shown by the extracts. Indeed, E5 was the most active as an antioxidant, and was characterized by a strong reaction in the FeCl 3 assay, indicating the presence of potential polyphenolic antioxidant structures. Extracts of P. lepidophylla and compound 1 have considerable analgesic activity. Although naloxone reduces the effects of 1, suggesting a morphine-induced antinociception, the calculated values of the PAMPA assay makes this possibility unlikely due to its low membrane permeation. We speculate that another mechanism, probably related to either active transport or a kind of facilitation by a carrier might be involved in the analgesic effect of 1. 
Experimental

Chemical and structural analysis:
The plant material was first dried at room temperature (20°C) and reduced to a coarse powder (20 g). A bioguided extraction procedure was applied to obtain nhexane, CHCl 3 and EtOAc extracts {EtOAc (3.05 g, E4)}. The nhexane extract was partitioned to obtain n-hexane (0.44 g, E1) and EtOAc (0.33 g, E2) fractions. The CHCl 3 extract was partitioned to obtain CHCl 3 (2.76 g, E3) and Et 2 O (1.82 g, E5) fractions. The TLC profile was quite similar for all the extracts from E1 to E5, with a higher relative amount of polar constituents in E5 compared with E1. Due to a strong 4-dinitro-phenyl-hydrazine positive assay, extract E5 was further separated by CC with solvent mixtures of increasing polarity (light petroleum/ethyl acetate/methanol), showing that the extract consisted of a mixture of two compounds, identified later as compounds 1 and 6. The mixture of compounds in the E4 extract was more difficult to purify because it contained a more polar solvent and the solution retains benzofurans and other polar compounds. 
Tremetone [(-)-2-isopropenyl-2,3-dihydro-5-acetylbenzofuran (1)]
Hot plate test:
To assess the analgesic ability of the isolated benzofuran derivatives from plant extracts, we used the hot-plate test according to Tejwani et al. [22] . Briefly, a hot plate of about 25.3 cm 2 area and 30 cm tall walls (Columbus Instruments, Columbus, OH) was heated at 55 ± 0.5°C. Male rats of the Sprague Dawley strain (200-300 g) from the University's central animal facilities were used. Animal behavior was monitored during 15 secs and the reaction time (i.e. to lick hind legs and try to escape by jumping) was recorded.
Extracts of P. lepidophylla were prepared at different doses (25 to 200 mg/kg), while the two isolated and purified benzofuran derivatives (1 and 6, Figure 3 ) were tested at 5 and 20 mg/kg. Both propylenglycol (30%) and Tween 80 (70%) were used as solvents. The extracts were administered intraperitoneally (ip) to different experimental groups (n = 5) as follows: control animals 1 mL/kg of saline solution, experimental animals morphine sulfate (5 mg/kg, ip), naloxone hydrochloride (1 mg/kg, ip) or sodium diclofenac (10 mg/kg ip). Both compounds 1 and 6 were administered at the doses mentioned above in either the absence or presence of naloxone.
Parallel artificial membrane permeability assay (PAMPA):
The effective permeability (Pe) as cm/s was calculated according to the following equation: Pe = -218.3/t x log [1 -2 Ca(t)/Cd(t0)] x 10 -6 cm/s, where t = incubation time; Ca(t) = concentration in the acceptor well at a given time t; and Cd(t0) = concentration in the donor well at time zero [23] . The ability of a given compound to diffuse across a polyvinylidene fluoride (PVDF) membrane filter (0.45 μm), embedded with 20% phosphatidylcholine solution, was used to assess passive drug absorption and to predict in vivo behavior [24] . It should be noted that an effective permeability (Pe) higher than 0.4 x 10 -5 cm/s is predicting permeation in the central nervous system (CNS) and means high brain penetration. A permeability of less than 0.2 x 10 -5 cm/s means low predicted CNS permeation (low brain penetration), while a value between 0.2 and 0.4 indicates uncertain CNS permeation.
Thiopental (40 µg/mL) and clidinium bromide (800 µg/mL) were used as positive and negative controls, respectively (Table 1) . Two doses of each tremetone were tested. A 300 µL sample of each solution was added to the bottom side of a PAMPA system. The system was then covered with a plate and on the upper side 4 µL of 614 Natural Product Communications Vol. 7 (5) 2012
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phosphatidylcholine (dissolved in 1-octanol to mimic the bloodbrain barrier) was added. A 300 µL sample of PBS (pH 7.4) was finally added to cover the system. The complete container was sealed with parafilm and incubated for 4 h at 25°C. Drug concentrations were determined using an UV/visible spectrophotometer.
Partition coefficient assay:
Octanol-water partition coefficient (Log P) values were determined for benzofurans 1 and 6. Each benzofuran was dissolved in an octanol-water system and allowed to equilibrate, and then both fractions were analyzed by UV spectrophotometry [25] . Log P was calculated as the log ratio of the concentration in the octanol phase to the concentration in the aqueous phase at pH 7.4. Theoretical Log P was calculated using ChemBio Draw Ultra software.
Hemolytic assay: Human blood samples were obtained from healthy donors by venipuncture (Blood Bank, Hospital Clinic, Barcelona, Spain). The citrated-blood was centrifuged at 1000 g for 10 min and washed 3 times with PBS. The supernatant, white blood cells, and platelets were carefully removed by aspiration after each wash. The washed erythrocytes were finally suspended in buffered saline. Hemolysis mediated by AAPH (a peroxy radical initiator) was determined by a modified method previously described by Miki et al. [26] , incubating 25 L aliquots of erythrocyte suspension at 37°C for 2.5 h in the presence of 100 mM AAPH. The advantage of this method was that AAPH decomposes thermally to generate radicals without either biotransformation or enzymes, and that the rate of radical generation was easily controlled by adjusting the initiator concentration [27] . The IC 50 (50% inhibitory concentration) of the hemolysis induced by AAPH was determined for each compound. The extent of hemolysis was monitored by UV spectrophotometer at 540 nm.
